anti-cleavage region serum (lane 2), or preimmune serum (lane 3). Samples were washed and subjected to SDS-PAGE, followed by autoradiography with fluorography. The fulllength membrane-associated L-selectin, the 6 kDa cleavage fragment of L-selectin, and the 17 kDa band are indicated with arrows. Migration of molecular weight standards is indicated. (C) The 17 kDa protein coprecipitates with CA21 MAb and JK924 serum. Metabolically labeled L-selectin transfectants (lanes 2 and 4) or mock transfectants (lanes 1 and 3) were lysed and immunoprecipitated with CA21 anticytoplasmic tail MAb (lanes 1 and 2) or with the JK924 anti-cleavage region serum (lanes 3 and 4). (D) The 17 kDa protein elutes from JK924 precipitates with a pH 5 wash. Metabolically labeled L-selectin transfectants were lysed and immunoprecipitated with the JK924 anti-cleavage region serum and protein A-Sepharose beads (lane 1). Duplicate sets of JK924 beads were subjected to a pH 5 wash prior to elution with SDS-PAGE sample buffer. Proteins eluted with the pH 5 wash were retained and subjected to SDS-PAGE (lane 2). Proteins still bound to the JK924 beads were eluted with SDS-PAGE sample buffer (lane 3).
Results
pH 5 elution of CA21 MAb immunoprecipitates (data not shown).
To determine whether the 17 kDa protein was a cleav-
Coprecipitation of Calmodulin with L-Selectin
We have previously shown that L-selectin is proteolytiage product of L-selectin, we attempted to perform Western blot analysis on CA21 immunoprecipitates with cally cleaved at a membrane proximal site, resulting in the formation of a 68 kDa soluble form of L-selectin and antibodies directed against the lectin domain, cytoplasmic domain, and the membrane-proximal cleavage a 6 kDa transmembrane fragment (Kahn et al., 1994) . In the course of our studies on L-selectin proteolysis, we site of L-selectin. However, the 17 kDa protein displayed an unusual property of washing off the PVDF membrane, observed a 17 kDa protein that coprecipitated with L-selectin from [ 35 S]methionine biosynthetically labeled an observation that was confirmed by using metabolically labeled material and exposing the blot to film be-L-selectin transfectants using the JK924 antiserum directed against the 15 amino acid extracellular cleavage fore and after the Western blotting procedure. While the radiolabeled full-length L-selectin and the 6 kDa region of L-selectin (Figures 1A and 1B, and Kahn et al., 1994) . The 17 kDa protein was not observed in immunotransmembrane cleavage product of L-selectin were retained on the membrane, the 17 kDa band was selecprecipitates with the JK564 serum directed against the entire 17 amino acid sequence of the L-selectin cytotively lost during the incubation and wash steps (data not shown). This observation was reminiscent of a report plasmic tail ( Figures 1A and 1B) . However, the CA21 MAb directed against the COOH-terminal 8 amino acid describing the immunoblotting of calmodulin, a 17 kDa calcium regulatory protein. Van Eldik and Wolchok residues of the L-selectin cytoplasmic tail also coprecipitated a 17 kDa protein, which comigrated precisely with (1984) described a method for fixing the blot with glutaraldehyde in order to retain calmodulin on the blot. This the 17 kDa protein observed in JK924 immunoprecipitates ( Figures 1A and 1C) . The 17 kDa protein was not procedure also worked in our hands to retain the 17 kDa band on Western blots of CA21 immunoprecipitates. observed in JK924 or CA21 immunoprecipitates from mock transfected cells, suggesting that the association The 17 kDa band did not react with any of the anti-Lselectin monoclonal or polyclonal antibodies ( Figure 2A of the 17 kDa protein is specific for L-selectin ( Figure  1C ). The 17 kDa protein could be eluted from JK924 and data not shown). However, the 17 kDa protein, which coprecipitated with L-selectin from both CA21 (anti-Limmunoprecipitates with a pH5 wash ( Figure 1D ), suggesting that the 17 kDa protein is not directly bound by selectin cytoplasmic tail) immunoprecipitates and JK924 (anti-L-selectin cleavage region) immunoprecipitates, the JK924 antiserum. Similar results were obtained with presence of L-selectin was confirmed by ELISA detection with bioprecipitate was divided among two lanes of an SDS-PAGE gel. A tinylated DREG-200 MAb, which reacts with both the full-length and purified calmodulin standard was run in adjacent lanes, as indicated.
soluble L-selectin (left panel). Binding of calmodulin to L-selectin The gel was transferred to a PVDF membrane and divided in half.
was assessed with biotinylated calmodulin (right panel). The blots were subjected to autoradiography (left panel) to visualize (B) Direct binding of calmodulin to the L-selectin cytoplasmic tail. the migration of the full-length membrane-associated L-selectin, the Purified calmodulin was absorbed to the bottom of microtiter wells. 6 kDa cleavage fragment of L-selectin, and the 17 kDa band, as A biotinylated peptide corresponding to the entire amino acid seindicated. One blot was then subjected to Western blot analysis quence of the L-selectin cytoplasmic domain was titrated at various with the CA21 anti-cytoplasmic domain MAb (middle panel). The concentrations, as indicated. Binding of the peptide was visualized duplicate blot was subjected to Western blot analysis with an antiby addition of streptavidin-horseradish peroxidase and 2,2Ј-azicalmodulin MAb (right panel). The blots were reacted with antinobis (3-ethylbenzthioazolinesulfonic acid) substrate. mouse IgG antibodies conjugated with alkaline phosphatase and (C) Binding of calmodulin to the L-selectin cytoplasmic tail is inhibthen developed with 5-bromo-4-chloro-3-indolyl phosphate and niited by trifluoperazine. The biotinylated L-selectin cytoplasmic tail troblue tetrazolium chloride.
peptide was incubated with immobilized calmodulin. Trifluoperazine (B) Coprecipitation of calmodulin from L-selectin transfected L1.2 was titrated in at various concentrations, as indicated. lymphoid cells. L-selectin L1.2 cells were lysed and immunoprecipitated with the CA21 anti-cytoplasmic tail MAb and run on duplicate lanes of an SDS-PAGE gel (lanes 2 and 4). Purified calmodulin was recombinant soluble (extracellular) fragment of L-selecrun in adjacent lanes (lanes 1 and 3) . The gel was transferred to tin, which lacked the transmembrane and cytoplasmic PVDF membrane and divided in half. One blot was subjected to domains ( Figure 3A ). Moreover, a biotinylated synthetic Western blot analysis with the CA21 MAb (lanes 1 and 2). The duplicate blot was subjected to Western blot analysis with an anti-calpeptide corresponding to the 17 amino acid sequence of modulin MAb (lanes 3 and 4) . the L-selectin cytoplasmic tail bound directly to purified calmodulin. The binding of calmodulin to the cytoplasmic tail peptide was dose dependent and saturable comigrated with purified calmodulin and reacted with an anti-calmodulin MAb (Figure 2A and data not shown).
( Figure 3B ), and blocked by trifluoperazine, a calmodulin inhibitor ( Figure 3C ). Blocking with trifluoperazine had Calmodulin was also coprecipitated with L-selectin from L-selectin-transfected L1.2 lymphoid cells ( Figure 2B ).
an IC50 of about 4 M, a dose range that is consistent with trifluoperazine inhibition of other calmodulin-dependent interactions (Jones and McCord, 1984 physiologi-1990) . The L-selectin cytoplasmic domain, NH 2 -RRLKK GKKSKRSMNDPY-COOH, has an unusual motif of dibacally relevant, then calmodulin should bind selectively to the cytoplasmic domain of L-selectin. Purified biotinsic residues (basic residues are shown in boldface) of which the first nine residues are completely conserved ylated calmodulin bound directly to a purified preparation of full-length L-selectin but did not bind to a purified across human, mouse, and rat sequences. A helical tive calmodulin-binding site of L-selectin ( Figure 4A ). Lys359Glu disrupts the basic charge face but retains known to be rapidly shed within minutes following neuthe predicted amphihelical nature of the cytoplasmic trophil activation with chemotactic factors (Kishimoto tail, and Leu358Glu disrupts the hydrophobic face. Both et al., 1989) . Treatment of neutrophils with 5 M calmidamutants were expressed on the cell surface at a level zolium, a calmodulin inhibitor, further accelerated the similar to wild-type transfectants, as judged by fluoresrate of L-selectin down-regulation upon stimulation with cence microscopy and by flow cytometry (data not fMLP as judged by flow cytometry ( Figure 5A ). Expresshown). Metabolic labeling of COS cells transfected with sion of CD45 was not affected by calmidizolium (Figure these mutants and immunoprecipitation with the CA21 5A). Similar results were obtained with trifluoperazine MAb showed that the coprecipitation of calmodulin was and W7 [N-(-6-aminohexyl)-5-chloro-1-napthalenesulprofoundly reduced compared to wild-type L-selectin fonamide], two other well-characterized calmodulin intransfectants ( Figure 4B , left panel). Interestingly, these hibitors. W7 enhanced L-selectin shedding, while the mutations in the cytoplasmic tail affected the reactivity structurally related but less potent calmodulin inhibitor of the mutant L-selectin molecules with the JK924 serum W5 [N-(-6-aminohexyl)-1-napthalenesulfonamide] had directed against the extracellular cleavage site of L-selecno effect on L-selectin expression at similar doses (data tin ( Figure 4B, right panel) . not shown). We next discovered that trifluoperazine, in the abCalmodulin Inhibitors Induce sence of any activating agent, was sufficient to induce L-Selectin Down-Regulation down-regulation of L-selectin. Trifluoperazine-induced We next examined whether calmodulin inhibitors afshedding of L-selectin from neutrophils was rapid (Figure 5B) , following kinetics similar to those seen with fected L-selectin cell surface expression. L-selectin is neutrophil activation with chemotactic factors (Kishimoto et al., 1989) . Trifluoperazine also induced L-selectin shedding on peripheral blood lymphocytes. The kinetics of lymphocyte L-selectin shedding were slower than that observed with trifluoperazine-treated neutrophils but similar to that observed with phorbol esteractivated lymphocytes (data not shown). Trifluoperazine did not cause general neutrophil activation as judged by the lack of Mac-1 up-regulation. Indeed, trifluoperazine inhibited the spontaneous up-regulation of Mac-1 that is observed in some preparations of neutrophils incubated at 37ЊC ( Figure 5B ). In fact, inhibition of calmodulin function is generally associated with the inhibition of cell activation and has previously been shown to inhibit activation-induced neutrophil Mac-1 up-regulation, oxidative burst, and secondary granule release (Alobaidi et al., 1981; Smith et al., 1981; Elferink et al., 1982; Berger et al., 1985; Wright and Hoffman, 1987) . Trifluoperazine or calmidazolium-treatment did not alter expression of acid-based metalloprotease inhibitors inhibit the activa-(B) Analysis of the 6 kDa cleavage fragment of L-selectin. Neutrotion-induced shedding of L-selectin (Feehan et al., 1996;  phils were treated with DMSO carrier (lane 1), with 5 ϫ 10 Ϫ7 M fMLP Preece et al., 1996) . L-selectin shedding induced by occur through a proteolytic mechanism that cleaves L-selectin at a membrane-proximal site to yield a 6 kDa L-selectin (Lawrence et al., 1995; Finger et al., 1996 ; transmembrane fragment. Immunoprecipitation analyunpublished data). Trifluoperazine, a potent inhibitor of sis of the 6 kDa transmembrane cleavage product of calmodulin, significantly reduced neutrophil rolling on L-selectin confirmed that trifluoperazine induced shed-MECA-79 antigen ( Figure 7B ). Trifluoperazine at 10-25 ding through a proteolytic mechanism ( Figure 6B ). More-M was not toxic to the cells and did not grossly alter over, the KD-IX-73-4 hydroxamic acid-based metalloneutrophil morphology, as judged by light and by transprotease inhibitor blocked the trifluoperazine-induced mission electron microscopy (unpublished data). proteolysis of L-selectin ( Figure 6B ). These results sugWe next examined whether cotreatment with the KDgested that trifluoperazine-induced shedding occurs IX-73-4 protease inhibitor would be sufficient to rescue through a proteolytic pathway similar to that observed the ability of trifluoperazine-treated neutrophils to roll with cell activation induced with fMLP and other neutroon MECA-79 antigen. Neutrophils were treated with 15 phil chemotactic agents. . Cells treated with trifluoperazine alone were unable to establish a rolling interaction. However, cotreatment To assess whether L-selectin function is modulated by calmodulin, calmodulin inhibitors were tested for their with the KD-IX-73-4 metalloprotease inhibitor rescued the ability of trifluoperazine-treated cells to form rolling effect on L-selectin-mediated adhesion. We examined lymphocyte binding to high endothelial venules (HEV) in interactions with the MECA-79 antigen surface ( Figure 7C ). frozen thin sections of peripheral lymph node tissue. This interaction is dependent upon L-selectin interacting Discussion with one or more ligands expressed by the HEV. Lymphocyte adhesion to HEV was blocked by trifluoperazine Calmodulin is a ubiquitous calcium-binding protein that can act as a cofactor for many cytosolic enzymes, influ-( Figure 7A ).
We also examined neutrophil rolling on purified MECAence cytoskeletal architecture, and regulate function of integral membrane proteins (Crivici and Ikura, 1995; 79 antigen, a physiological L-selectin ligand, under hydrodynamic flow conditions. This rolling interaction is Gnegy, 1995) . We demonstrate that calmodulin inhibitors, such as trifluoperazine and calmidazolium, inhibit completely inhibited by antibodies directed against shedding indirectly. However, the observation that calmodulin coprecipitates with L-selectin and that purified calmodulin binds directly to the cytoplasmic tail of the L-selectin raises the possibility that calmodulin may regulate L-selectin expression and function through a direct interaction with the cytoplasmic domain of L-selectin.
Calmodulin usually acts as a calcium switch, binding to target sequences upon calcium flux following cell activation. An unusual feature of the apparent regulation of L-selectin expression by calmodulin is that calmodulin inhibitors induce L-selectin shedding in the absence of neutrophil activation. A model that is consistent with our current data would suggest that calmodulin is already bound to the L-selectin cytoplasmic tail in the resting cell and that removal of calmodulin through cell activation, or experimentally with trifluoperazine, results in L-selectin shedding. A role for calmodulin in resting cells is not unprecedented, as calmodulin has been shown to bind a number of target sequences in unactivated cells. Some target proteins, such as neuromodulin, neurogranin, and myosin I, bind to calmodulin with higher affinity in the absence of calcium than in the presence of calcium (Alexander et al., 1987; SwanljungCollins and Collins, 1991; Huang et al., 1993; Crivici and Ikura, 1995; Gnegy, 1995) . In the case of neuromodulin, an influx of calcium is thought to induce release of calmodulin from neuromodulin into the cytosol (Alexander et al., 1987) . The brush border myosin I protein is thought to bind three or four calmodulin molecules with low Ca Ca 2ϩ pump), and other cytosolic enzymes, such as phosphodiesterase, adenylate cyclase, and nitric oxide synthetase (Crivici and Ikura, 1995; Gnegy, 1995) . Thus, it L-selectin function by inducing L-selectin down-regulais not surprising that inhibitors of calmodulin typically tion. L-selectin expression and function can be rescued inhibit cell activation processes. Calmodulin inhibitors in trifluoperazine-treated neutrophils by cotreatment have been shown to inhibit neutrophil oxidative burst, with a hydroxamic acid-based inhibitor of the L-selectin Mac-1 up-regulation, secondary granule release, cell protease. These results suggest a novel role for calmodmigration, and motility (Alobaidi et al., 1981; Smith et ulin in regulating surface expression of an integral memal., 1981; Elferink et al., 1982; Berger et al., 1985 ; Wright brane protein through a proteolytic mechanism. It is and Hoffman, 1987) . The shedding of L-selectin is generpossible that the action of the calmodulin inhibitors on ally regarded as a hallmark of neutrophil activation (Kish-L-selectin expression occurs at a level downstream of imoto et al., 1989) . Paradoxically, we have found that L-selectin itself, perhaps at the level of the protease calmodulin inhibitors accelerate L-selectin shedding in or a regulatory protein. Another possible confounding the presence of activating factors and can induce shedfactor is that calmodulin inhibitors may nonspecifically affect membrane fluidity, which could alter L-selectin ding even in the absence of overt cell activation. One possible explanation is that the L-selectin protease reand higher affinity binding sites for calmodulin. The calcium influx will also induce a conformational change quires active repression mediated by calmodulin in order to maintain L-selectin expression. The addition of in calmodulin (Crivici and Ikura, 1995; Gnegy, 1995) , perhaps causing calmodulin to dissociate from the cytocalmodulin inhibitors may allow for removal of an active repressor, allowing shedding to occur as a default mechplasmic tail of L-selectin. In this regard, it is interesting to note that cross-linking of L-selectin is sufficient to anism. For example, release of calmodulin from the cytoplasmic tail of L-selectin could induce a conformational induce a calcium flux (Laudanna et al., 1994; CrockettTorabi et al., 1995; Waddell et al., 1995) and to induce change that exposes the extracellular cleavage site to a constitutively active protease. Similar "inside-out" sigshedding of L-selectin (Palecanda et al., 1992) in the absence of any overt activating signal. Recently C-reacnaling mechanisms have been proposed to regulate conformational changes in the ligand binding sites of tive protein (CRP), an acute phase protein, has been shown to induce L-selectin shedding in the absence of integrins (Dustin and Springer, 1989) and of L-selectin itself (Spertini et al., 1991) .
cell activation (Zouki et al., 1997) . It will be of interest to determine if CRP-induced shedding of L-selectin inInterestingly, epitopes on the cytoplasmic tail and the extracellular membrane proximal cleavage region of volves calmodulin. Deletion of the COOH-terminal 11 amino acid residues L-selectin do appear to be functionally linked. Steeber et al. (1997) have recently shown that mutations in the exof the L-selectin cytoplasmic tail has been shown to disrupt adhesion (Kansas et al., 1993) and association tracellular membrane-proximal cleavage site of L-selectin that inhibit its shedding also have a profound effect with ␣-actinin (Pavalko et al., 1995 ), yet does not affect localization of L-selectin to the tips of microvilli projecon intracellular signaling through L-selectin. Thus, shedding of L-selectin and signaling through L-selectin may tions (Pavalko et al., 1995) . Calmodulin is known to regulate binding of proteins to cytoskeletal components be intimately linked. In this report, we find that coprecipitation of calmodulin with L-selectin is most evident with through a "flip-flop" mechanism (Sobue et al., 1983; Hartwig et al., 1992) . It is possible that calmodulin may the CA21 MAb directed against the cytoplasmic tail and with the JK924 serum directed against the extracellular modulate the interaction of L-selectin with ␣-actinin or with other molecules involved in signaling through cleavage site. Moreover, mutations in the L-selectin cytoplasmic tail that disrupt calmodulin binding also L-selectin. Interestingly, deletion of the COOH-terminal 11 amino acid residues of the cytoplasmic domain does disrupt recognition of L-selectin by the JK924 anticleavage site serum. Thus, mutations in the cytoplasmic not affect L-selectin shedding . Based upon our observations, one might predict that truncation domain appear to affect conformation of an extracellular epitope. Binding by calmodulin may influence the preof the cytoplasmic tail would affect the association of calmodulin and thus increase the rate of L-selectin shedsentation of the cleavage region and its accessibility to the JK924 serum (or to the natural L-selectin protease).
ding. However, transfected cells expressing L-selectin already display a high level of spontaneous shedding These results would be consistent with our findings that calmodulin inhibitors, which act intracellularly, can inof L-selectin, suggesting disregulation of the normal shedding process in transformed cells (Lasky et al., duce L-selectin shedding through proteolysis at an extracellular cleavage site. Interestingly, function-blocking 1989; Kahn et al., 1994; Chen et al., 1995) . Therefore, further truncation of the cytoplasmic tail may not inanti-L-selectin MAbs, such as the DREG MAb series, do not coprecipitate calmodulin efficiently. Recently, crease the rate of shedding observed in transformed cells. Alternatively, we have mapped the CA21 MAb epibinding of the DREG MAbs (Waddell et al., 1995; Steeber et al., 1997) and other function-blocking MAbs (Steeber tope to the COOH-terminal 8 amino acid residues of the L-selectin cytoplasmic tail (indeed, we have found that et al., 1997), in the absence of cross-linking, have been shown to induce signaling through L-selectin. It is possithe terminal 8 amino acids can be engineered onto the COOH terminus of heterologous recombinant soluble ble that binding of MAbs to the lectin domain mimics ligand binding and induces a conformational change proteins as a convenient epitope tag for the CA21 MAb). Since CA21 MAb does not inhibit calmodulin binding that causes calmodulin dissociation, leading to subsequent signaling events and cleavage of L-selectin.
to L-selectin, it is possible that deletion of the COOHterminal 11 amino acids may not be sufficient to abro-A common mechanism to regulate calmodulin binding negatively is through serine phosphorylation of the targate the calmodulin influence on L-selectin expression. Resolution of this issue will require more extensive mapget protein at sites in or near the calmodulin-binding region. Proteins such as MARCKS, neurogranin, and ping studies. Our data suggest a potentially novel role for calmoduneuromodulin contain critical serine residues, which upon phosphorylation inhibit calmodulin binding (Alexlin in regulating cell surface expression of an integral membrane protein through a protease-dependent mechaander et al., 1987; Hartwig et al., 1992; Huang et al., 1993; Crivici and Ikura, 1995; Gnegy, 1995) . Recently nism. Recently it has become apparent that a number of other biologically important cell surface molecules, Haribabu et al. (1997) have demonstrated that L-selectin becomes phosphorylated on serine upon activation of such as TNF-␣, TGF-␣, TNF receptors, IL-6 receptor, ␤-amyloid precursor protein, and angiotensin con-L-selectin transfectants with phorbol esters or with chemoattractants. Phosphorylation of Ser-364, a resiverting enzyme, are also regulated through activationdependent proteolysis (Ehlers and Riordan, 1991 ; Arridue conserved across species, would be predicted to disrupt the putative calmodulin-binding site of L-selecbas et al., 1996; Blobel, 1997; Mullberg et al., 1997) . These proteins are also cleaved at a membrane-proxitin. An alternative mechanism may be that a calcium flux following cell activation may expose more abundant mal site, and the cleavage is inhibited by hydroxamic (Kahn et al., 1994; Migaki et al., 1995). in the shedding of these diverse cell surface proteins.
Cell lysates and cell-free supernatants were immunoprecipitated
Recently a TNF-converting enzyme has been identified as previously described (Kahn et al., 1994; Migaki et al., 1995) .
as a novel member of the adamalysin family of metallo-
Immunoprecipitates were resolved on tricine-SDS polyacrylamide 10%-20% gradient gels (Novex, San Diego, CA). Gels were then proteases (Black et al., 1997; Moss et al., 1997) . Howfixed in 30% methanol, 10% acetic acid, 1% glycerol and treated ever, the mechanism by which these proteases are regu- glutaraldehyde, as previously described (van Eldik and Wolchok, 1984) and blocked in a 0.5% BSA in Tris-buffered saline (TBS) soluExperimental Procedures tion for at least 1 hr at room temperature. The blots were probed with CA21 MAb (0.5 g/ml) or with anti-calmodulin MAb (1 g/ Antibodies ml) followed by a horseradish peroxidase-sheep anti-mouse IgG The DREG-55 and DREG-200 MAbs, directed against the ectodoconjugate (Amersham). The membranes were washed and visualmain of L-selectin; the JK924 serum, directed against the memized by addition of ECL chemiluminescent substrate and exposure brane-proximal cleavage region of L-selectin; the polyclonal antiseto film, as per manufacturer's instructions (Amersham). In some rum JK564, directed against the entire cytoplasmic domain of experiments, alkaline phosphatase-conjugated goat anti-mouse IgG L-selectin; and the CA21 MAb, directed against the COOH-terminal second-stage reagent (Promega) was used, and the blots were de-8 amino acid residues of the L-selectin cytoplasmic domain, have veloped with 5-bromo-4-chloro-3-indolyl phosphate and nitroblue been previously described (Kishimoto et al., 1990; Kahn et al., 1994) . tetrazolium chloride. Phycoerythrin-conjugated anti-L-selectin (Leu-8), fluorescein isothiocyanate (FITC)-conjugated anti-CD45 (HLe-1), and labeled iso-FACS Analysis type control MAbs were purchased from Becton-Dickinson (MounCells were treated with trifluoperazine or calmidazolium and/or fMLP tain View, CA). FITC-conjugated anti-Mac-1 MAb was purchased as indicated and fixed gently with 0.5% paraformaldehyde to prefrom Biosource International (Camarillo, CA). Anti-calmodulin MAb serve antigen expression at specific time points, as previously dewas purchased from Upstate Biotech (Lake Placid, NY).
scribed (Kishimoto et al., 1989) . Cells were stained directly with 5 l of phycoerythrin-conjugated anti-L-selectin MAb, FITC-conjugated anti-Mac-1 MAb, FITC-conjugated anti-CD45 MAb, or appropriate Reagents isotype control MAb in PBS containing 2% goat serum at 4ЊC for The KD-IX-73-4 hydroxamic acid-based protease inhibitor (Feehan 30 min. Cells were then washed twice with goat serum/PBS, fixed et al., 1996) and the L-selectin cytoplasmic peptide (Kahn et al., in 1% paraformaldehyde/RPMI, and then analyzed by flow cytome-1994) have been previously described. Trifluoperazine, calmidazotry on a FACScan machine (Becton Dickinson, Mountain View, CA). lium, and biotinylated calmodulin were purchased from Calbiochem
In some experiments, cells were incubated with phycoerythrin-con-(San Diego, CA). Purified calmodulin was purchased from Upstate jugated Leu-8 anti-L-selectin MAb and FITC-conjugated anti-Mac-1 Biotech (Lake Placid, NY).
or anti-CD45 MAb. Trifluoperazine and/or fMLP was added, and the cells were immediately analyzed in real time at 2 min intervals by Cells flow cytometry. For each timepoint, 10,000 cells were analyzed. Peripheral blood neutrophils were isolated from normal healthy volBoth the cell fixation method and the real time analysis yielded unteers by dextran sedimentation and ficoll-hypaque centrifugation, similar results. as previously described (Kahn et al., 1994) . The L-selectin-transfected L1.2 pre-B cell line was a generous gift of Dr. E. Butcher, Neutrophil Rolling Stanford University. COS cells were transiently transfected with Neutrophil rolling under hydrodynamic shear stress was performed L-selectin cDNA by the DEAE-dextran method, as previously dewith a parallel plate flow chamber (Glycotech, Gaithersburg, MD), scribed (Migaki et al., 1995) .
as previously described (Walcheck et al., 1996a (Walcheck et al., , 1996b . L-selectin ligands defined by the MECA-79 antigen were isolated from human Mutagenesis tonsil on a MECA-79 MAb affinity column, as described (Lawrence L-selectin mutants were generated using the Altered Sites oligonuet al., 1995; Finger et al., 1996) . Experiments were performed at a cleotide-directed mutagenesis system from Promega Biotech (Madwall shear stress of 1-2 dynes/cm 2 . Neutrophils rolled on the MECAison, WI), as previously described (Migaki et al., 1995) . Mutant 79 antigen surfaces but not on uncoated surfaces. All interactions cDNAs were sequenced and checked for the presence of the engiof neutrophils with MECA-79 antigen were eliminated by the addition neered mutations and absence of any spontaneous mutations.
of anti-L-selectin MAb (DREG-200). Neutrophils (5 ϫ 10 5 cells/ml) were treated with KD-IX-73-4 hydroxamic acid-based metalloprotease inhibitor and/or trifluoperazine, as indicated, for 10 min at ELISA 37ЊC prior to infusion into the flow chamber. Control neutrophils Microtiter plates (Maxisorp; Nunc, Roskilde, Denmark) were coated were treated as above with an equivalent amount of DMSO used to with either DREG-55 MAb or purified calmodulin. The plates were solubilize the compounds. Within each experiment, the same field washed with PBS and nonspecific sites blocked with 2% BSA. Puriof the flow chamber was analyzed for both treated and untreated fied full-length L-selectin and recombinant soluble L-selectin were neutrophils. The order in which cells were analyzed-treated versus trapped on the DREG-55 plate and detected with either biotinylated untreated groups-did not affect the results. DREG-200 MAb or biotinylated calmodulin. The biotinylated L-selectin cytoplasmic domain peptide was reacted with the calmodulincoated plates. The biotinylated molecules were detected by incubaAcknowledgments tion with a streptavidin-horseradish peroxidase conjugate, followed by development with the substrate 2,2Ј-azinobis(3-ethylbenzthio-
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